Abstract-Given that the demand for real-time multimedia contents that require significantly high data rate are getting of high popularity, a new mobile cellular technology known as Long term Evolution-Advanced (LTE-A) was standardized. The LTE-A is envisaged to support high peak data rate by aggregating more than one contiguous or non-contiguous Component Carriers (CCs) of the same or different frequency bandwidths. This paper provides a survey on the case where the LTE-A is working in backward compatible mode as well as when the system contains only LTE-A users. Note that the backward compatible mode indicates that the LTE-A contains a mixture of the legacy Long Term Evolution Release 8 (LTE) users that support packets (re)transmission on a single CC and the LTE-A users that are capable of utilizes more than one CCs for packets (re)transmission. It can be concluded from the study that the CC selection algorithms for newly-arrived LTE users can benefit from the channel diversity and the load status whereas the carrier aggregation that does not allocate all of the available CCs to the newly arrived LTE-A users shown to be more efficient.
INTRODUCTION
Of late, rapid adoption of smartphones and tablet computers have driven for the explosive demand on real-time multimedia contents. This poses new challenges to mobile cellular operators to provide good multimedia experience for all mobile cellular users [1] . As such, new mobile cellular technology known as Long Term Evolution-Advanced (also referred to as Release 10) was standardized by the Third Generation Partnership Project (3GPP) organization in its attempt to meet these crucial challenges. When compared with the legacy 3GPP family, the LTE-A is expected to significantly improve the peak data rates in which it can provide up to 1 Gbps and 100 Mbps for low and high mobility users, respectively [2] and 1 Gbps and 500 Mbs for downlink and uplink packet (re)transmission, respectively [3] .
Carrier Aggregation (CA) [4, 5] is one of the methods that have the capability of achieving it. This method permits the LTE-A to support up to 100 MHz Component Carrier (CC) bandwidths, which maps to higher peak data rates, by aggregating more than one contiguous or non-contiguous CCs of the same or different frequency bandwidths [6] . The CC bandwidths supported by the LTE-A are within the range of There are three types of CA specified for the LTE-A. These types are known as intra-band contiguous CA, intra-band noncontiguous CA and inter-band non-contiguous CA (as shown in Figure 1 ). If two or more adjacent CCs of the same frequency bandwidths are aggregated, then it is called intraband contiguous CA. It is easier to implement as it requires minimal changes to the radio frequency design of the legacy LTE systems. The intra-band non-contiguous is a CA type that allows multiple CCs of the same frequency bandwidths to be aggregated in a non-contiguous manner. The CA type that aggregates multiple CCs of different frequency bandwidths in a non-contiguous manner is called inter-band non-contiguous CA.
The inter-band non-contiguous CA results with additional complexity in the radio frequency design of LTE-A terminals [8] . However, given the current scenario where the spectrum allocation is highly fragmented with large frequency separation, the inter-band non-contiguous CA is likely to be used by the cellular operators for efficient utilization of the current spectrums allocation whereas the contiguous CA will be a probable scenario in the future when new frequency spectrums are allocated [9] . Fig. 1 Three types of CA in LTE-A [7] Another important requirement of the LTE-A is that the technology should be backward compatible with the legacy LTE. This means that the LTE and LTE-A users should be able to co-exist in the LTE-A systems. In these Release 10 systems, the LTE-A users which have high performance terminals are capable to support packet (re)transmission across multiple CCs. On the other hand, given the limited capability of their terminals, the LTE users can only support packet (re)transmission on a single CC [10] .
As more than one CCs available and the LTE users can only support packets (re)transmission on a single CC, CC selection that is responsible to assign a CC to each newlyarrived legacy LTE users is becoming of paramount importance in the LTE-A systems [11] . Therefore this paper studies the CC selection algorithms developed for the LTE-A systems operating in backward compatible mode. Besides the CC selection algorithm, this paper further investigates CA for the newly-arrived LTE-A users where all of the available CCs or only a number of CCs are allocated according to certain conditions to these users. The remainder of this paper is structured as follows. Section II provides detailed CC selection algorithms for use when the LTE-A systems are operating in backward compatible mode followed by Section III that discussed CA for LTE-A users. Finally, Section IV remarks the conclusion of the paper.
II. CC SELECTION ALGORITHMS FOR LTE USERS
As stated previously in Section I, CC selection is responsible to assign a CC to each LTE users. Though the majority of Radio Resource Management (RRM) studies focused on either packet scheduling and primary and secondary CC selections, this paper investigates the existing CC selection algorithms given that at the early stage of migration, the LTE-A systems may contain a mixture of LTE and LTE-A users. The existing CC selection algorithms mostly either focusing on balancing the load across multiple CCs or optimizing the system throughput by taking channel quality of each user into consideration. The Random, Least-Load and Mobile Hashing are a number of well-known load-balance CC selection algorithms. The Random [12] [13] [14] [15] CC selection randomly assigns a CC to each newly-arrived LTE user such that the load is balanced from the long term point of view while the LeastLoad [13, 16, 17] CC selection algorithm assigns a CC with the least number of users to each newly-arrived LTE user such that the load across each CC is well-balanced.
On the other hand, the Mobile Hashing [12, 17, 18] algorithm balance the load using the output from user's hashing algorithm. The hash outputs are uniformly distributed among a finite set and maps directly to the CC indices [19] . In [18] , the well-known Least-Load and Mobile Hashing algorithms were further investigated using a mathematical concept. It was shown via simulation that the Least-Load combined with a throughput efficient packet scheduling algorithm outperforms the well-known Mobile Hashing algorithm.
The channel aware CC selection algorithms, on the other hand, include the well-known Maximum Channel Quality Information (Max-CQI) [13, 20] that assigns a CC with the best channel quality to each LTE user. This algorithm has shown good throughput performance for a limited number of users and within intra-band contiguous/non-contiguous CCs where the radio propagation environment in each CC is almost similar. Nevertheless, it will lead to inefficient use of resources in the CCs of higher frequency spectrums (i.e. CCs at a higher frequency have poorer channel quality) if it is being implemented in inter-band non-contiguous CA as most of the users are assigned to a CC at a lower frequency.
As the load balance CC selection algorithms are throughput inefficient whereas the channel aware CC selection algorithm may lead to waste of resources on certain CCs, other CC selections algorithms that provide a trade-off between the two extremes were developed. For example, the authors in [10, 21] developed a CC selection algorithm that uses mixed integer non-linear programming in order to maximize the throughput and balancing the load. It was assumed that an LTE user may dynamically change its assigned CC in subsequent time frames depending upon the output of the optimization algorithm. Though dynamically changing the assigned CC can somewhat improve system performance [22] but it is at the expense of increased power consumption and higher signaling overhead. Moreover, mixed integer non-linear programming is a mathematical concept which is not practical to be implemented in realistic LTE-A systems which have high complexity.
A slightly different approach was used in the algorithm developed in [8] . If newly-arrived LTE user is located at the cell-edge, then it will be assigned to a CC at a lower frequency and if otherwise, the user will be assigned to a CC with the least load. A CC selection algorithm that assigns a CC to each newly-arrived LTE user according to the channel quality and average throughput such that besides maximizing the system throughput, the total load across multiple CCs can well be balanced was developed in [13] . This algorithm assigns a CC that maximizes Equation (1) to each newly-arrived LTE user. It can be observed from the equation that the channel quality and average throughput were taken into account in order to allow the algorithm to further provide fairness to other users. where i,j is the priority of user i on CC j, ri,j is the channel quality (across the whole CC bandwidth) of user i on CC j, Ri is the average throughput of user i and usermax is the maximum number of newly-arrived LTE users.
Similarly, the channel quality of each user was taken into account in the algorithm (known as an Improved Component Carrier Selection, ICS) developed in [9] . However, contrary to [13] that considers the average throughput, the ICS algorithm considers the average channel quality of a user across all CCs and the current CC load (see Equation (2)). (3) where i,j is the priority of user i on CC j, ri,j is the channel quality (across the whole CC bandwidth) of user i on CC j, r_uCi is the average channel quality on all CCs of user i, Loadj is the total load on CC j which is updated whenever a newlyarrived user is assigned to the CC and CCmax is the maximum available number of CCs.
The CC selection algorithms previously discussed [8, 9, 13] are promising in providing system throughput improvement and balancing the load. However, given that the traffic characteristics of the newly-arrived LTE user were not accounted, there is highly likely that these algorithms will not be suited for use when users are using different types of multimedia applications. To further support users using different type multimedia applications, a CC selection algorithm that considers the queue length of each user and the bandwidth of each CC was developed in [6, 16] . Whenever an LTE user arrives into the system, it will be assigned to a CC that minimizes: where i,j is the priority of user i on CC j, L(Qi,j) is the queue length of user i on CC j, Bj is the bandwidth of CC j and Ri is the average throughput of user i and usermax is the maximum number of newly-arrived LTE users.
The developed algorithm shown to have a better performance as compared to the Least-Load algorithm. However, this algorithm could lead to higher system complexity for taking the user's queue length. Moreover, it may have lower throughput for not considering the channel quality when assigning a CC to the LTE users. Table I summarizes the CC selection algorithms working in backward compatible mode. 
Category

CC Selection Algorithm Remarks
Load balance
Random [12-15]
• Randomly assign a CC to each newly-arrive LTE user.
•
Provide long term load balance across CC.
• Load may be imbalance in short-term point of view.
Least-Load [13, 16, 17]
• Assign a CC with the least number of users.
• Is throughput inefficient and not suited in a situation when users are using different types of multimedia applications.
Mobile Hashing [12, 17, 18] • Assign a CC according to the output of the hashing algorithm.
•
More complicated than the Random and Least Load.
Throughput optimization Max-CQI [13, 20] • Assign a CC with the best channel quality • May cause one CC at a lower frequency spectrum to be overloaded in inter-band contiguous while leaving resources in CCs at higher frequency spectrums to be under-utilized.
Load balance and throughput optimization
Algorithm in [10, 21] • Use mixed integer non-linear programming when assigning a CC.
• Allow a user to dynamically change its assigned CC throughout its session.
• May lead to higher computational complexity and signaling overhead.
Algorithm in [8] • Assign the cell-edge user to a CC at a lower frequency and the user closer to the base station is assigned to a CC with the least number of user.
Algorithm in [13] • Assign a CC with better channel quality and average throughput to each newly-arrived LTE user.
Algorithm in [9] • Account average throughput and CC load, besides channel quality, when assigning a CC.
• Algorithms [4] , [[9] and [5] may not be suited for usage when users have different traffic characteristics
Traffic aware Algorithm in in [6, 16] • Assign a newly-arrived LTE user to a CC with the least queue.
• Throughput inefficient and could lead to higher system complexity for taking the user's queue length.
III. CARRIER AGGREGATION (CA) OF LTE-A USERS
Various methods were discussed for assigning the available CCs to newly-arrived LTE-A users. The authors in [12, [23] [24] [25] studied the situation where each newly-arrived LTE-A user is either assigned one CC or all CCs. It was demonstrated in these works that assigning all CCs to each newly-arrived LTE-A user significantly improve network performance for low and medium traffic load. However, the advantages will trade off at higher traffic load due to complexity, additional signaling overhead and increase in power consumption. Therefore, instead of assigning all CCs to the newly-arrived LTE-A user, [25] uses the channel quality and average throughput when determining the required number of CCs and when assigning the CCs to each LTE-A user. It was shown via simulation that the developed method outperforms the case where all CCs are assigned to the users. Similarly, the authors in [20, 26] do not assign all of the available CCs to each newly-arrived LTE-A user. Instead, the required number of CCs of a newly-arrived LTE-A is determined on the basis of its position, quality of service requirements as well as its channel quality. Thereafter, CC is assigned to the user based on its channel quality, traffic load and quality of service requirements. It can be observed that too many criteria were considered when calculating the required number of CCs and when assigning the CCs to the newly-arrived LTE-A user and hence increasing the computational complexity.
A throughput-optimized CC selection algorithm developed in [27] uses a mathematical concept when assigning the required number of CCs to the newly-arrived LTE-A user. In this algorithm, the CCs will only be assigned to the user if the resulting throughput is optimum. However, the performance of the developed algorithm was compared with Random and Least-Load that are throughput inefficient CC selection algorithms. The authors in [28] use a slightly different method than [27] when calculating the required number of CCs. In this work, the number of CCs required by the newly-arrived LTE-A user is decided upon the user required traffic rate. The newlyarrived LTE-A user is then assigned its required number of CCs according to the load balance factor as well as the channel quality such that the load across all CCs are well balanced while the mobile cellular channel diversity on each CC is exploited.
The authors in [29] calculate the required number of CCs according to throughput demanded by the newly-arrived LTE-A whilst use particle swarm optimization, which is a metaheuristic approach for minimizing the overall interference in the LTE-A systems when choosing the CCs to be assigned to the user. The particle swarm optimization is a mathematical concept that requires relaxing a lot of mathematical expressions to simplify the optimization. In contrast to the previously stated work, the authors in [30] did not consider the channel quality instead decision on the number CCs of required by the newlyarrived LTE-A user was made on the basis of its profile (i.e. required traffic and its mobility). To ensure that the quality of service requirements of the LTE-A users are maintained, [31] developed a method that dynamically assigns the required number of CCs according to the user Head-of-Line (HOL) packet delay. Though dynamically assigns a CC can significantly improve quality of service, this comes at a high computational complexity to be implemented in the practical LTE-A which contains more than one CCs. A summary of CA for LTE-A users is given in Table II.   TABLE II. SUMMARY OF CA FOR LTE-A USERS.
Algorithm Remarks Algorithm in [12, [23] [24] [25] • Investigate the situation where a newly-arrived LTE-A user is assigned one or all CCs.
• Assigning all CCs to the user improve performance for low and medium traffic load but at the expense of complexity, high signaling overhead and increase in power consumption. Algorithm in [25] • Uses channel quality and average throughput for determining the required number of CCs and when assigning CCs to the user.
•
Outperforms the case where all CCs are assigned to the user. Algorithm in [20, 26] • Determine the required number of CCs based on user position, quality of service requirements and channel quality.
Assign the CCs according to channel quality, traffic load and quality of servoce requirements.
• Is computational complex for considering too many criteria. Algorithm in [27] • Make use of mathematical concept for calculating the required number of CCs.
• Assign a CC to the newly-arrived LTE-A so as to optimized throughput. Algorithm in [28] • The number of CCs required by the newly-arrived LTE-A user is decided upon the user traffic rate then load balance factor and channel quality are used in CC assignment. Algorithm in [29] • The required number of CCs is computed according to the throughput demand.
• Uses particle swarm optimization for assigning the required number of CCs.
• This mathematical concept is not suitable for usage in the complex LTE-A. Algorithm in [30] • Determine the required number of CC based on user profile. Algorithm in [31] • Dynamically assign the required number of CCs to the LTE-A user on the basis of HOL packet delay. • Dynamic assignment is computationally complex in multiple CCs.
IV. CONCLUSION
LTE-A is envisaged to provide significantly high peak data rate via CA method. This promising method demands for good CC selection algorithms for both when the system is operating in backward compatible mode as well as when the system contains only the LTE-A users with high performance terminals. The newly-arrived LTE users can take advantage of the existing load-balance combined with channel-aware CC selection algorithms for optimum performance. On the other hand, it is not necessary for LTE-A users to be allocated all of the available CCs as this comes at high computational complexity and signaling overhead. An efficient method for determining the required number of CCs as well as when assigning the required number of CCs becomes of paramount importance so as to boost the LTE-A performance.
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